Aviation industries are vulnerable to the energy crisis and simultaneously posed environmental concerns. Proposed engine technology advancements could reduce the environmental impact and energy consumption. Substituting the source of jet fuel from fossil-based fuel to biomass-based fuel will help reduce emissions and minimize the energy crisis. The present paper addresses the analysis of aircraft engine performance in terms of thrust, fuel flow and specific fuel consumption at different mixing ratio percentages (20%, 40%, 50%, 60% and 80%) of alternative biofuel blends already used in flight test (Algae biofuel, Camelina biofuel and Jatropha biofuel) at different flight conditions. In-house computer software codes, PYTHIA and TURBOMATCH, were used for the analysis and modeling of a three-shaft highbypass-ratio engine which is similar to RB211-524. The engine model was verified and validated with open literature found in the test program of bio-synthetic paraffinic kerosene in commercial aircraft. The results indicated that lower heating value had a significant influence on thrust, fuel flow and specific fuel consumption at every flight condition and at all mixing ratio percentages. Wide lower heating value differences between two fuels give a large variation on the engine performances. Blended Kerosene-Jatropha biofuel and Kerosene-Camelina biofuel showed an improvement on gross thrust, net thrust, reduction of fuel flow and specific fuel consumption at every mixing ratio percentage and at different flight conditions. Moreover, the pure alternative of Jatropha biofuel and Camelina biofuel gave much better engine performances. This was not the case for the Kerosene-Algae blended biofuel. This study is a crucial step in understanding the influence of different blended alternative biofuels on the performance of aircraft engines.
Introduction
Currently, aviation industries addressed two vital issues which are the environmental crisis due to global warming and the energy crisis that leads to a constant rise in global oil prices which affects the domestic energy situations. 1, 2 The primary motivations for the present work have ignited a desire for renewable and sustainable energy sources to have more secured fuel supplies. 3 The International Energy Agency has reported that the world will need 50% more energy in 2030 than it needs today, 4 with the transportation sector becoming the second largest energy consuming sector after the industrial sector. Mostly, transportation sector sourced from fossil fuels consumed more than 90% of fossil fuel energy while a small amount is sourced from natural gas and renewable energy sources. 5, 6 As the demand for energy increases, the conventional oil and natural gas reserves that can be commercially exploited will diminish after approximately 41.8 and 60.3 years, respectively. 4 Fortunately, there are promising alternatives to respond to the energy crisis and environmental concerns -in particular by changing the source of jet fuel from fossil-based to biomass-based. The International Air Transport Association aspires to use 6% biofuel blends in aircraft by 2020 and several test flights have already been performed using blends of conventional jet fuel and bio-jet fuel from Algae, Camelina, Jatropha and other plant-based feedstocks for both commercial airliners and military aircraft. et al. 8 have addressed environmental studies of alternative fuels and analyzed the relative greenhouse gas (GHG) emission reduction for biomass sources compare to conventional jet fuel based on fossil sources and its blend. The results are summarized in Table 1 .
Biofuel is defined as a fuel comprising mono-alkyl esters of long-chain fatty acids (FA) derived from renewable resources that can be produced by a simple chemical process known as transesterification. It is a process where the triglycerides react with alcohols in the presence of a catalyst 9 using edible, non-edible, waste vegetable oils and animal fats produced by organisms. 3, 4, 10 Biofuel feedstocks are divided into four sources which are edible oils, non-edible oils, animal fats and other sources. The available feedstocks are listed in Table 2 .
Biofuel is compatible with diesel engines in its pure form or by blending it with petroleum diesel in a certain ratio 11 to improve the quality of ignition, the properties of fuel flow in cold temperature and the stability of fuel (oxidation). This is because the quality of biofuel and the properties are highly dependent on the presence of FA, the size distribution of FA and the degree of unsaturation within these FA chains in the fuel blend. 3, 4 Biofuel should have a low concentration of long-chain saturated FA Methyl Esters (FAME) for a good low-temperature performance and for good oxidative stability. 3 There are two types of biofuels that have been certified for aviation use and when blended with at least 50% with conventional kerosene: (1) the FischerTropsch (F-T) hydroprocessed synthesized paraffinic kerosene (SPK) and (2) the SPK from hydroprocessed esters and FA (HEFA). 8 Three types of refining processes to convert bio-derived feedstock sources into bio-jet fuels are (1) Fischer-Tropsch (F-T) process, (2) Alcohol-To-Jet (ATJ) process and (3) fast pyrolysis (HEFA) process. In the present context, it is worth highlighting that there have been three successful biofuel flights of commercial aircraft, which are Air New Zealand's Boeing 747-400 in 2008, Continental Airlines Boeing 737-800 and Japan Airline Boeing 747-300 in 2009. These flights used bio-SPK blends of up to 50% with conventional fuel and found no abnormal impacts for different engine operations. 12 
Present work
Since Payan et al. 8 have described how the biomassbased fuel could contribute to GHG reduction and addressed the environmental concern, at the same time, the focus of this present study is to investigate the effect of blended biofuels on aircraft engine performance especially on gross thrust, fuel flow and specific fuel consumption (SFC) at different flight conditions and at different blended mixing ratio percentages. This is equally important so that the engine performances are not undermined as well. Three biofuels namely Algae biofuel, Jatropha biofuel and Camelina biofuel are evaluated as pure fuel and are blended with kerosene (C 12 H 24 ) at 20%, 40%, 50%, 60% and 80%. These biofuels are chosen because of the previous success in the test flight program and the fuel properties are available in the published literature as listed in Table 3 . A model of a three-shaft high-bypass-ratio engine RB211-524 was used throughout the analysis using available engine parameters for verification. Validation was done for an RB211 variant and comparisons with the work of Rahmes et al. 12 were also further conducted to examine the effects of different percentages of blended fuel mixing ratios.
Our in-house computer software was used for the computational analysis. The PYTHIA program has the ability to design and calculate various gas turbine engines for both design and off-design points using a modified Newton-Raphson convergence technique in the zero-dimensional steady-state model. 19 Moreover, it can serve as a diagnostic tool for deterioration analysis and allows map scaling for off-design conditions. PYTHIA is integrated with our TURBOMATCH performance evaluation program. PYTHIA calls for TURBOMATCH program which is coded in FORTRAN to iterate the mass and energy balance for each engine component. PYTHIA is considered to be user-friendly 20 and has a novel interface for engine component selection. The capability of PYTHIA has been tested and validated for many years 21, 22 ranging from industrial gas turbines to aero-gas turbines. The latest version of PYTHIA has the capability to change the fuel type and to vary the blended mixing ratio percentage while maintaining the same engine design as for the conventional kerosene case. This is essential to evaluate fit-for-purpose fuels for real engines at various operating points. The present work may thus serve as an extension of Mazlan et al. 20 work using an earlier version of PYTHIA which could only provide strict comparisons for different pure fuels for single design conditions only. These latest findings not only support earlier findings but also go beyond them due to more capabilities have been put into a new version of PYTHIA such as analyzing more alternative fuels options at different off-design conditions.
Methods
The configuration of the RB211-524 engine was specified in PYTHIA using available library data and default settings configurations. The model engine configurations are illustrated in Figure 1 . At design point, kerosene fuel was selected. Each component of the engine model is described in terms of a 'brick' which has its functionality. The ambient conditions (input) were ascribed according to the intended flight conditions such as altitude, flight speed, mass flow, pressure recovery, pressure deviation and relative humidity in the INTAKE brick. For compressors, the first compressor has the maximum pressure ratio of 2.0 with À10 stator angle. The subsequent high pressure (HP) compressors have the maximum pressure ratio of 11.0 with À10 stator angles. However, only the HP compressors are assumed to have bleeding air. The PREMAS brick is used to calculate the outlet conditions from components such as a splitter, bleed, bypass duct or jet pipe, by given the absolute relate changes of mass flow and total pressure. There is no water flow introduced to the burner. Meanwhile, MIXEES brick is used to calculate the outlet conditions result from the constant-area mixing of two flows with no allowance for total pressure loss while MIXFUL brick data are used after TURBINE brick data for calculating outlet conditions from the constant-area mixing flows with full allowance for total pressure change resulting from momentum balance. All turbines are set to have identical maximum enthalpy drop ratio of 0.04 and turbine inlet temperature (TIT) of 1580 K. Moreover, these turbines have À10
angle positions and are choked at low speed. A convergent nozzle is selected in the NOZZLE brick. Results for the engine parameters and performance for the baseline fuel are tabulated in Table 4 .
The flowchart of the PYTHIA process is illustrated in Figure 2 . It begins with the user defining inputs as previously mentioned in PYTHIA. TURBOMATCH is called for the iterations in mass (equation (1)) and energy (equation (2)) balance relation. Equations (1) and (2) should be satisfied between successive components. New initial guess for pressure ratio, temperature (burner) and rotational speed must be made before iteration process. TURBOMATCH is coded using FORTRAN. Compressor and turbine maps were needed for mass balance iteration process. NASA Chemical Equilibrium Analysis is applied for the evaluation of thermochemical fuel properties such as the correlation of enthalpy, flame temperature, specific heat and molecular formula to the function of temperature. These correlations are stored in the TURBOMATCH library data. The iteration process will require several initial guess values before it converges. Lastly, the data were executed and imported to the excel spreadsheet for data analysis.
Turbine Work TW ð Þ ¼ Compressor Work ðCWÞ ð2Þ
Varying flight conditions
To describe the differences in flight conditions, the INTAKE block diagram is adjusted accordingly in the off-design performance analysis. This is done by varying the flight speed and the altitude. PYTHIA is executed at the off-design points for different flight conditions.
Varying mixing ratio percentages
These were conducted by repeating the previously described procedures but an exception was made for the BURNER brick. Three design parameters were adjusted accordingly. The three parameters (user input) are the fuel combination, second fuel type and fuel-mixing rate. These parameters are user input. Fuel combination represents the condition of how the fuel is mixed. There are three options for selection; keeping the original fuel, replacing the original fuel and mixing the fuel. The second type of fuel is defined as the type of second fuel used. Fuel-mixing rate corresponds to the blending mixing ratio percentages from 0 to 1, where 1 represents the pure second-type fuel.
Results and discussion

Influence of blended fuel on Lower Heating Value
Thermochemical properties such as lower heating value (LHV) are major factors that influence the performance of aircraft engines. The blending ratio has a significant effect on LHV which thus affects the engine performance. Calorific value is the measure of heat energy content of a fuel. A higher calorific value of fuel is desired because it releases higher heat and consequently improves engine performance during combustion. 4 LHV and HHV are the measures of a fuel heat of combustion with the difference between them being the water heat of vaporization.
18 Figure 3 shows LHV variation at different mixing ratio percentages of biofuels with kerosene. KEþBJ has higher LHV and followed by KEþBC. While KEþAG has lower LHV as compared to pure KE fuel. As the mixing ratio increases toward pure blends of alternative fuels, the LHV differences become more severe. LHV results indicate up to 2.7% increase for the KEþBJ combination and 2.03% increase for the KEþBC as mixing ratio increases to a pure form. Moreover, KEþBJ blended fuel has higher LHV compared to KEþBC at every mixing ratio. However, KEþAG fuel showed a reduction in LHV as the mixing ratio increased toward unity.
Influence of 50% blended fuel on aircraft engine performance
The blending of biofuels with conventional jet fuel is necessary to meet the requirement standard of current aviation fuels specifications; 50% blended fuels are commonly used for flight testing as it represents a feasible approval within the existing specifications. Two different flight conditions; take-off and climbing were chosen for the analysis. Kerosene fuel is set as a baseline for comparison. Prior to the analysis, the engine model developed in PYTHIA was validated by comparing with the experimental works previously carried out by Rahmes et al. 12 who conducted an off-wing engine ground test of an RB211-524 fueled with 50% Jatropha/50% Jet-A on a Boeing 747-400 of the Air New Zealand airline; 1.07% lower fuel flow was observed on the engine in the testflight while our engine model has resulted a 1.11% reduction which is comparable using the same power setting at ground condition.
Take off condition. At takeoff condition, the aircraft is accelerated to a takeoff velocity. The performance parameters for take-off condition are illustrated in Figures 4 to 6 . The line graphs in the primary axis represent the variation of performance parameters while the column graphs in the secondary axis represent the percentage differences with respect to the baseline. The variations of gross thrust for the alternative fuels are comparable with baseline fuel as illustrated in Figure 4 . It shows very slight differences in gross thrust performance. However, the positive percentage indicates an increment in gross thrust at higher speeds; 50% of KEþBJ blended biofuel has a larger percentage increment in gross thrust at every flight speed as compared to 50% of KEþBC and KEþAG. This indicates that 50% of KEþBJ blended biofuel can increase the gross thrust up to 0.22% and that 50% of KEþBC can increase it by 0.19% at 0.3 Mach number. Meanwhile, 50% of KEþAG blended biofuel has almost no significant difference in gross thrust compared to the baseline.
Fuel flow has a positive variation at every flight speed for all fuels ( Figure 5 ) and it increases more Figure 2 . PYTHIA data process flowchart. rapidly after 0.1 Mach number. However, there are more significant differences between every fuel. Only 50% of KEþAG blended biofuel has a higher fuel flow than the baseline fuel. Meanwhile, 50% of KEþBJ blended biofuel has the lowest fuel flow; 50% of KEþBJ and KEþBC blended biofuels showed some reductions in fuel flow (negative values); 50% of KEþAG blended biofuel appeared to have a nearly constant fuel flow percentage difference at every flight speed. These percentage trends seem to indicate that 50% of KEþBJ and KEþBC blended biofuels give high reductions in fuel flow at low speeds. Figure 6 displays a positive linear variation of SFC of the blended fuels at different flight speeds. The 50% of KEþBJ and 50% of KEþBC blended biofuels have a much lower SFC as compared to the baseline fuel while 50% of KEþAG blended biofuel is almost equivalent with the baseline fuel. Nevertheless, the trends are slightly different with the fuel flow. The percentage difference of SFC is much higher at high Mach numbers for both 50% of KEþBJ and KEþBC blended biofuels. As expected, the SFC is correlated to the fuel flow. At a higher Mach number, both of these parameters demonstrate an increase. Although the fuel flow percentage differences are reduced at higher Mach numbers, the SFC showed the opposite effect. Despite the fact that the SFC is increasing at a high Mach number, it actually provides more reduction in SFC when it is compared to the baseline fuel. These revealed the influence of LHV of these fuels where fuels having higher LHV require more heat for burning, thus, more fuel flow. However, using simplified SFC relations with LHV, it appears that LHV is inversely proportional with SFC as in equation (3) SFC ¼ v a :3600
where v a , P and T are flight velocity, propulsive efficiency and thermodynamic efficiency.
Climbing condition.
Climbing condition is conducted to analyze the effect of the blended biofuels performances at different altitudes while keeping the flight speed constant at an average of 240 knots (0.36 M). Both gross thrust and net thrust display negative and undistinguishable trends in all fuels as shown in Figure 7 . Therefore, Figure 8 is plotted to visualize the small changes in these fuels with respect to the baseline fuel; 50% of KEþAG blended biofuel show no differences in gross and net thrusts compared to the baseline fuel. Conversely, both 50% of KEþBJ and KEþBC blended biofuels illustrate a slight improvement in gross and net thrusts. Similarly, 50% of KEþBJ blended biofuel has a much higher change in both gross and net thrusts. Fuel flow shows a negative linear variation at every altitude for all fuels (Figure 9) . Likewise, the 50% of KEþBJ and 50% of KEþBC blended biofuels have a much lower fuel flow as compared to the baseline fuel. Meanwhile, 50% of KEþAG blended biofuel has an equivalent fuel flow as the baseline fuel and shows a constant percentage difference of fuel flow at different altitudes. Furthermore, only 50% of KEþAG blended biofuel shows a percentage increase of 0.15% in fuel flow at all altitudes compared to the baseline fuel. Besides, 50% of KEþBJ and KEþBC blended biofuels have a reduction of fuel flow up to 1.12% and 0.82%, respectively, as shown in column graphs on the secondary axis. The variations are much different and significant for the SFC. SFC is reduced at a high altitude (Figure 10 ). Only 50% of KEþAG blended biofuel shows a higher SFC than the baseline fuel. Nonetheless, 50% of KEþBJ and KEþBC blended biofuels have reduced percentages of SFC (up to 1.28% and 0.96%, respectively) as compared to the baseline fuel. Meanwhile, 50% of KEþAG blended biofuel displayed an increment of 0.14% in SFC. These demonstrate that the 50% of KEþBJ and KEþBC blended biofuels have a much lower fuel flow and fuel consumption regardless of the changes in altitude.
Influence of various mixing ratio blended fuel on aircraft engine performance at cruising condition
This section discusses the effects of other blending mixing ratio percentages on engine performance at the cruising flight condition. The ambient and flight conditions are illustrated in Figure 11 which presents the gross thrust variation and percentage difference as compared to the baseline fuel. There is an increase in gross thrust for all fuel combinations. KEþBJ blended biofuel shows a much higher increase in gross thrust which is then followed by KEþBC and KEþAG blended biofuels. BJ pure biofuel (mixing ratio of 1) has a 0.23% increase in gross thrust while BC pure biofuel achieved an increase of 0.18%. BJ pure biofuel has a 0.42% increase in net thrust while BC pure biofuel achieved an increase of 0.35%. However, KEþAG blended biofuel has a very slight increase in both gross and net thrusts (by only up to 0.01%).
KEþBJ and KEþBC blended biofuels display a linear fuel flow reduction as mixing ratio percentage increases as depicted in Figure 12 . Results show a reduction of 2.22% and 1.63% in the fuel flow for pure BJ and BC, respectively. However, KEþAG blended biofuel shows an increment in fuel flow at about 0.29% at higher mixing ratio percentages. Similarly, KEþBJ and KEþBC blended biofuels exhibit a reduction in SFC as the mixing ratio increases ( Figure 13 ). SFC is reduced by up to 2.63% for the BJ pure biofuel while it is reduced by 1.96% for the BC pure biofuel. Besides, AG biofuel shows an increase of up to 0.28% on SFC in pure form. It should be noted that the use of BJ and BC can reduce the fuel flow and SFC for every percentage of blending ratio, but not for AG fuel.
As previously discussed, the performance of the aircraft engine can deliberately be enhanced by substituting kerosene fuel with pure alternative fuels. Thermochemical properties of the fuels distinguish the engine performance. These, however, should comply with the regulations enforced by the regulating tests and agencies. As alternative fuels are introduced into the combustor, some assumptions should be addressed. First, combustion efficiency remained the same for all fuels because it may vary in atomization due to the differences in thermochemical properties. Second, the properties of alternative fuels used are taken from the published literature without taking consideration of American Society for Testing and Materials approval and the fuel process methodology. Third, combustor with different of blended fuels is our primary focus, thus, several results can be drawn due to the effect of changed thermochemical properties. It is observed that the total pressure, the mass flow and the pressure drop are increased slightly at higher percentage blended mixing ratio. As the total pressure and mass flow rise, the exit velocity is increased, resulting in an increase in gross thrust. However, the pressure drop in the combustor is increased as well. Furthermore, the fuel-to-air ratio is reduced, indicating that more air is introduced to complete the burning. These explained more fuel flow reduction at higher mixing ratio blend. Although large LHV fuel provides a better propulsive performance, it will likely requires more air for combustion. Another crucial parameter is TIT as it determines the propulsive performance. Next, TIT was set to 1580K for all cases. It is observed that high LHV fuel are able to sustain the temperature longer which is essentially important to expand and convert high energy to useful work and kinetic energy. To compare objectively, Figures 14 and 15 illustrate how these pure alternative fuels (AG, BC and BJ) could enhance the performance at ground idle and cruising conditions. At ground idle, BJ and BC fuels give more thrust, reduce fuel flow and SFC as compared to kerosene fuel. AG fuel showcased a very slight increase in thrust but also displayed an increase in fuel flow and SFC. However, at cruising condition, the percentage differences with the baseline kerosene fuel are reduced for BJ and BC fuels for the gross thrust. In contrary, AG fuel has a slight increment. Furthermore, fuel flow and SFC have been improved in cruising.
Conclusion
First, the results indicated that the LHV of the fuel had a significant influence on the engine performance metrics such as thrust, fuel flow and SFC at every flight condition and at different blended mixing ratio percentages. The greater the LHV difference between two fuels, the larger the change in the engine performance. Second, the performance analysis of 50% blended alternative biofuels is discussed thoroughly at two flight conditions which are takeoff (varying flight speed) and climbing (varying altitude); 50% blended alternative biofuels are commonly used for flight-testing within the existing engine specifications; 50% of KEþBJ and KEþBC blended biofuel reported an increase in gross thrust and net thrust as well as improvements in fuel flow and SFC at a higher flight speed as compared to the baseline fuel.
However, 50% of KEþAG blended biofuel showed no significant changes in gross and net thrusts but an increase in fuel flow and SFC. At climbing conditions however, both 50% of KEþBJ and KEþBC blended biofuels showed increment in gross and net thrusts and much more reductions in fuel flow and SFC as compared to the baseline fuel. On the other hand, 50% of KEþAG blended biofuel displayed a much higher fuel flow and SFC than the baseline fuel.
Third, the influence of various percentage mixing ratios is discussed at cruising condition. KEþBJ and KEþBC fuels again presented a much better engine performance as compared to the KEþAG fuel as the mixing ratio percentages increase. KEþBJ surpassed KEþBC in term of all engine performance metrics. However, KEþAG fuel has resulted in an increase in both fuel flow and SFC. Apparently, all pure biofuels (AG, BC and BJ) appeared to offer slight improvements on gross thrust. However, only BJ and BC fuels showed reductions in fuel flow and SFC. Pure alternative fuels for both ground and cruising conditions were evaluated. At these different conditions, AG fuel has resulted in a slight increase in gross thrust at cruise, while BJ and BC fuels showed slight reductions as compared to ground condition. Nevertheless, fuel flow and SFC have shown much improvement for BJ and BC fuels at cruising condition.
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